Spin manipulating stored 1.85 GeV/c vector and tensor polarized spin-1 bosons by Morozov, V. S. et al.
PHYSICAL REVIEW SPECIAL TOPICS - ACCELERATORS AND BEAMS 8, 061001 (2005)Spin manipulating stored 1:85 GeV=c vector and tensor polarized spin-1 bosons
V. S. Morozov, A. D. Krisch, M. A. Leonova, R. S. Raymond, D. W. Sivers, and V. K. Wong
Spin Physics Center, University of Michigan, Ann Arbor, Michigan 48109-1120, USA
R. Gebel, A. Lehrach, B. Lorentz, R. Maier, D. Prasuhn, A. Schnase, and H. Stockhorst
Forschungszentrum Ju¨lich, Institut fu¨r Kernphysik, Postfach 1913, D-52425 Ju¨lich, Germany
D. Eversheim, F. Hinterberger, H. Rohdjeß, and K. Ulbrich
Helmholtz-Institut fu¨r Strahlen- und Kernphysik, Universita¨t Bonn, D-53115 Bonn, Germany
K. Yonehara
Department of Biological, Chemical, and Physical Sciences, Illinois Institute of Technology, Chicago, Illinois 60616, USA
(Received 1 February 2005; published 3 June 2005)1098-4402=We recently studied the spin manipulation of 1:85 GeV=c vertically polarized deuterons stored in the
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resonance and observed its effect on the deuterons’ vector and tensor polarizations. After optimizing the
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of the spin-1 tensor polarization recently found at IUCF.
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Many polarized beam experiments are now operating
in storage rings such as the MIT-Bates storage ring [1],
COSY [2], RHIC at Brookhaven [3] and HERA at DESY
[4,5]. Frequent spin direction reversals can significantly
reduce the systematic errors in such spin asymmetry mea-
surements. Beams of spin- 12 particles have been success-
fully spin flipped: horizontally polarized electrons at the
MIT-Bates storage ring [6], and horizontally and vertically
polarized protons at the IUCF cooler ring [7–13] and
COSY [14]. Stored spin-1 deuterons were also spin flipped
at the IUCF cooler ring [15]. We recently extended the
studies of their interesting behavior by spin flipping
1:85 GeV=c vector and tensor polarized deuterons stored
in the COSY cooler synchrotron.
A beam of spin-1 bosons has a more complex polariza-
tion behavior than spin- 12 fermions; their spin component,
m, along the vertical axis can have three values:
m  1; 0;1. Describing the polarization of a beam of
spin-1 particles requires three vector polarization com-
ponents and five independent second-rank tensor compo-
nents [16,17]. The magnitudes of a vertically polarized
beam’s vector and tensor polarizations are given by [16]:
PV  N  N=N; PT  1 3N0=N; (1)
where N, N0, and N are the number of particles in
m  1, 0, and 1 states, respectively, and
N  N  N0  N is the total number of particles.
In any flat circular accelerator or storage ring, with no
horizontal magnetic fields, each deuteron’s spin precesses
around the vertical fields of the ring’s bending magnets.05=8(6)=061001(9) 06100The spin tune 
s, which is the number of spin precessions
during one turn around the ring, is proportional to the
deuteron’s energy

s  G; (2)
where G  g 2=2  0:142 987 is the deuteron’s
gyromagnetic anomaly and  is its Lorentz energy factor.
The deuteron’s polarization can be perturbed by the
horizontal rf magnetic field from either an rf solenoid or
an rf dipole. At a resonant frequency the perturbations can
add coherently to induce an rf spin resonance, which can
flip the spin of stored polarized particles [7–14,18], such as
deuterons [15]. The rf-induced spin resonance’s frequency
is
fr  fck 
s; (3)
where fc is the deuterons’ circulation frequency and k is an
integer. Adiabatically ramping the rf magnet’s frequency
through fr can rotate the deuterons’ polarization direction
by an angle  around a horizontal axis. Under this rotation,
the spin-1 vector and tensor polarizations, PV and PT
(sometimes called Pz and Pzz [15]), respectively, transform
as
PV  PiV cos; PT  PiT

3
2
cos2 1
2

; (4)
where PiV and PiT are the initial vector and tensor polar-
izations, respectively. When    there is a vector spin
flip: PV  PiV ; while the tensor polarization is un-
changed PT  PiT . At mid-spin-flip, when   2 , note
that PV2  0 while PT2   12PiT .1-1  2005 The American Physical Society
FIG. 1. (Color) Layout of the COSY storage ring, with its injector cyclotron and polarized ion source. Also shown are the rf dipole, the
EDDA detector, and the low energy polarimeter.
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vector polarization PV , after ramping an rf dipole’s fre-
quency through a resonance, to the beam’s initial vector
polarization PiV and the ramp’s frequency range f and
ramp time t:
PV  PiV

2 exp
fc2
f=t

 1

; (5)
where f=t is the resonance crossing speed. The reso-
nance strength  is given by [20]
  1


2
p e1G
p
Z
Brmsdl; (6)
where e is the deuteron’s charge, p is its momentum, andR
Brmsdl is the rf dipole’s rms magnetic field integral.06100II. APPARATUS
The apparatus used for this experiment, including the
COSY storage ring [21–24], the EDDA detector [25], the
low energy polarimeter, the injector cyclotron, and the
polarized ion source [26–28] are indicated in Fig. 1, along
with the rf dipole. The dipole consisted of an 8-turn ferrite-
core copper coil with the spacing between its turns opti-
mized to produce a uniform radial magnetic field; it was
part of an LC resonant circuit, which normally ran at about
2.8 kV rms producing an
R
Brmsdl of 0:54 0:03 Tmm at
f  916 kHz. Then using Eq. (6) for 1:85 GeV=c deuter-
ons this gives a resonance strength
  16 1 	 106: (7)
An air-core rf dipole at COSY was used earlier to spin-flip1-2
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lower spin-flip efficiency.
The beam emerging from the polarized D ion source
was accelerated by the cyclotron to COSY’s 75.6 MeV
injection energy. Then the low energy (LE) polarimeter
monitored the beam’s polarization before injection into
COSY to monitor the stable operation of the ion source
and cyclotron. We measured the polarization in COSY
using the EDDA detector [2,25] as a polarimeter. The
beam parameters are given in the Table I.0.2
(-2/3, 0) (-1/3, -1) (-1, +1) (+1, +1)
Vector using 1042 MeV/c calibration
Vector using 2430 MeV/c calibration
Tensor using 1042 MeV/c calibration
Tensor using 2430 MeV/c calibration
state (PV, PT)
FIG. 2. (Color) Ratios of the vector and tensor deuteron polar-
izations to the ideal value of each polarization state from the
source are plotted against the polarization state number for the
1850 MeV=c COSY deuteron beam. The open symbols indicate
data points using the 1042 MeV=c calibration while the solid
symbols indicate data using the 2430 MeV=c calibration.
TABLE I. COSY parameters for the December 2003 polarized
deuteron experiment.
Parameter Value
Circumference 183.4 m
Beam type Polarized deuterons
Flattop momentum (p) 1:850 GeV=c
Flattop energy () 1.4046
Circulation frequency (fc) 1:147 430 MHz
Spin tune (
s) 0:200 84
Momentum spread dp=prms 5	 1024
Horizontal emittance (h) 7 mmmrad
Vertical emittance (v) <5 mmmrad
Max. beta-functions (H, V) 30 m in both planes
Max. dispersion function (H) 15 m
Horizontal betatron tune (
h) 3.62
Vertical betatron tune (
v) 3.60
H. chromaticity d
=
h;v
dp=p
2:6
V. chromaticity 0.2
Synchrotron tune (
syn) None: rf off on flattop
Transition energy (tr) 2.2
Transverse coupling No skew-quads or solenoids
Cooling Off
Orbit flatness (ymax) 5 mm
Mag. Align. error (max) <0:1 mrad
Injection momentum (pi) 0:538 GeV=c
Acceleration rate (dp=dt) 1:15 GeV=c s21III. POLARIMETER CALIBRATION
To reduce our systematic errors, we cycled the polarized
source through the five vertical polarization states:
PV; PT  0; 0;  23 ; 0;  13 ;1; 1; 1, and 1; 1.
The rf acceleration cavity was turned off and shorted
during COSY’s flattop; thus, there were no synchrotron
sidebands [30–32]. The measured flattop polarization,
before spin manipulation, was typically about 70%.
The deuteron vector and tensor polarizations were ob-
tained using the EDDA detector. No published data were
available at 1850 MeV=c for the vector and tensor analyz-
ing powers of p-d elastic scattering; thus, they were de-
termined in an earlier calibration run [33], as described06100below. First one measured the deuteron vector and tensor
polarizations both below and above the experimental
energy, at 1042 and 2430 MeV=c, where the analyzing
powers were published [34,35]. These measured polariza-
tions agreed within errors. Thus, there was no depolariza-
tion during acceleration between 1042 and 2430 MeV=c,
which includes 1850 MeV=c. These two polarization data
sets were used to obtain the vector and tensor analyzing
powers for p-d elastic scattering at 1850 MeV=c [33].
We later used these elastic analyzing powers to measure
the polarizations for each spin state as shown in Fig. 2.
Note that the two polarizations obtained from the analyz-
ing powers obtained from the 1042 MeV=c and the
2430 MeV=c calibrations agree within errors. We simulta-
neously calibrated the effective analyzing powers and de-
tector efficiencies of the EDDA detector, which was at the
same time operating as a simple 4-quadrant polarimeter
using scalers to record all scattering events in each quad-
rant [33]. We also confirmed these calibrations to a preci-
sion of better than 1% during the main experiment [36].
We used these detector efficiencies and effective analyz-
ing powers to obtain the vector and tensor polarizations
from the measured scaler asymmetries during the main
experiment.IV. SPIN MANIPULATION
For each spin manipulation measurement in the main
experiment, we linearly ramped, during 200 ms, the di-
pole’s rf amplitude from about 0 to 2:8 kV rms producing
an
R
Brmsdl of about 0:54 Tmm. We held this
R
Brmsdl1-3
FIG. 3. (Color) The measured vector and tensor deuteron polar-
ization ratios at 1850 MeV=c are plotted against the rf dipole’s
fixed frequency. The PiV and PiT are the average of the six points
furthest from the deep for each curve. The rf dipole’s
R
Brmsdl
was 0:54 Tmm. The curves are second-order Lorentzian fits.
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then ramped it back to zero during 200 ms; then we
inserted the EDDA target and measured the beam’s vector
and tensor polarizations.
The deuteron circulation frequency in the COSY ring
was fc  1:147 43 MHz at 1:850 GeV=c, where its
Lorentz energy factor was   1:4046. With these pa-
rameters, Eq. (2) gave a spin tune 
s  G of 0:20084.
Thus, at 1:850 GeV=c, Eq. (3) implies that the k  1
depolarizing resonance’s central frequency should occur at
fr  1Gfc  917:0 kHz: (8)
We first determined the approximate position of this spin
depolarizing resonance by sweeping the rf dipole’s fre-
quency initially by 10 kHz around this fr; then we
continued by narrowing the frequency sweeping range
into those half-ranges that caused spin flip. This technique
was described earlier [6,12,13]. The resulting data indi-
cated that the resonance was located near 916.9 kHz.
We then more precisely determined fr by measuring the
polarization, after running the rf dipole at different fixed
frequencies near 916.9 kHz. The measured vector polar-
ization ratios for the four nonzero polarization states are
plotted against the rf dipole’s frequency in Fig. 3. The PiV
and PiT are the average of the six points furthest from
the dip for each curve. The curve is a second-order
Lorentzian fit which gave a central resonance frequency
of fr  916:962 22 0:000 26 kHz and width of
w  40:82 0:76 Hz.
Figure 3 also shows similar tensor polarization data. The
lower curve is a second-order Lorentzian fit to all states’
tensor polarization ratios; the resonance’s central fre-
quency is fr  916:9612 0:0025 kHz, while its width
is w  39:4 7:4 Hz. Note that the fr and w values
obtained for the vector and tensor polarizations are both
consistent.
We next maximized the deuteron polarization’s spin-flip
efficiency. We flipped them by linearly ramping the rf
dipole’s frequency from fr  0:1 to fr  0:1 kHz, with
various ramp times t; we measured the polarizations after
each frequency ramp. These measured vector and tensor
polarizations are plotted against the ramp time in Fig. 4.
The vector polarization data are fit to the empirically
modified [6,11] Froissart-Stora formula [19]
PV
PiV
 #V  1 #lV exp
Vfc2
f=t

 #lV; (9)
where V is the vector resonance strength. The parameter
#lV is defined as the upper limit of the achievable spin-flip
efficiency #V when the exponential approaches zero. This
limit could be due to many depolarizing mechanisms such
as: f being too small to completely cover the resonance
width, or any weak nearby resonance. This fit gave
#lV100:42:0%; V1:1670:011	106: (10)06100To fit the tensor data in Fig. 4, we use Eqs. (4) and (9) as
in [15] to obtain
PT=P
i
T
3
2
PV=PiV2
1
2
3
2

1#lTexp
Tfc2
f=t

#lT

21
2
; (11)
where we introduced #lT as the tensor spin-flip efficiency
and T as the tensor resonance strength. Fitting the tensor
polarization data in Fig. 4 and averaging for the three states
then gives
#lT100:22:1%; T1:1440:022	106: (12)
Note that the V and T obtained from the extended
Froissart-Stora formula, Eqs. (9) and (11), agree quite
well with each other. However, both are more than
10 times smaller than the  obtained from the measuredR
B 
 dl in Eq. (7). We recently started an experiment to try
to understand the  discrepancy [20].
For each of the three nonzero tensor polarization states,
the two data points nearest the t value in Fig. 4 where
PV  0 agree fairly well with the fit curves for the tensor
ratio PT=PiT . This agrees very well with the prediction of1-4
FIG. 4. (Color) The measured vector and tensor deuteron polar-
izations at 1850 MeV=c are plotted against the rf dipole ramp
time t. The rf dipole’s frequency half-range f=2 was 100 Hz,
and its
R
Brmsdl was 0:54 Tmm. The top and bottom curves are
fits using Eqs. (9) and (11), respectively.
FIG. 5. (Color) The measured vector and tensor deuteron
polarization ratios at 1850 MeV=c are plotted against the rf
dipole ramp time t. The PiV and PiT were obtained from fits
to the data as shown in Table II. The rf dipole’s frequency half-
range f=2 was 100 Hz, and its
R
Brmsdl was 0:54 Tmm. The
top and bottom curves are fits to all states’ data using Eqs. (9)
and (11), respectively. The arrows mark a 90 rotation where
PV  0 and PT   12PiT .
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Moreover, the # and  values shown in Eqs. (10) (vector)
and (12) (tensor) are all consistent with each other. This
confirms [15] that one #l and one  describe both the
vector and tensor polarizations during a resonance
crossing.
For the data in Fig. 4, we also calculated the ratios of the
vector and tensor polarizations to their initial values ob-
tained from the fits; these ratios are plotted against the
frequency ramp time in Fig. 5 for the nonzero states. This
allowed us to fit all nonzero vector and tensor data to
Eqs. (9) and (11), respectively. Notice the good agreement
of the data points for different states with each other and
with the fit curves. Fitting the vector and tensor data sets,
each with a single curve, gave a better precision results for06100#l and  than Eqs. (10) and (12)
#lV100:61:5%; V1:1660:009	106;
#lT100:21:8%; T1:1520:022	106: (13)
We next spin flipped the deuterons while varying the rf
dipole’s frequency range f, with its t at 50 s and itsR
Brmsdl at 0:54 Tmm. The data in Fig. 6 shows a broad
maximum in the spin-flip efficiency near f=2  75 Hz.
The Froissart-Stora equation is only valid for sufficiently
wide frequency ranges covering the spin resonance com-
pletely; thus, in Fig. 6, we fit the vector and tensor data to
Eqs. (9) and (11), respectively, only at f=2  75 Hz and
above. The average vector and tensor fit results are
#lV96:82:9%; V1:1650:014	106;
#lT99:13:0%; T1:1550:027	106: (14)1-5
TABLE II. Fit results for Figs. 4 and 5.
Vector and tensor fit results
State PiV #V V	106 $2
2=3; 0 0:530 0:010 1:01 0:04 1:17 0:02 4.5
1=3;1 0:294 0:008 0:99 0:05 1:21 0:03 9.3
1;1 0:692 0:014 0:97 0:04 1:18 0:02 6.6
1;1 0:684 0:014 1:05 0:04 1:13 0:02 17.2
All states (N  2  42) 1:006 0:015 1:166 0:009 46.0
State PiT #T T	106 $2
1=3;1 0:56 0:03 1:04 0:04 1:12 0:03 15.2
1;1 0:43 0:03 1:05 0:04 1:16 0:05 3.0
1;1 0:56 0:03 0:95 0:03 1:18 0:04 4.4
All states (N  2  31) 1:002 0:018 1:152 0:022 29.9
V. S. MOROZOV et al. Phys. Rev. ST Accel. Beams 8, 061001 (2005)Below f=2  75 Hz in Fig. 6, we used hand-drawn
curves to guide the eye.
For the data in Fig. 6, we also calculated the ratios of the
vector and tensor polarizations to their initial values ob-
tained from the fits; these ratios are plotted against the
frequency range in Fig. 7 for the nonzero states. Notice that
the data points for different states agree with each other
within errors. We again fit all nonzero vector and tensor
data, at and above f=2  75 Hz, to Eqs. (9) and (11),
respectively. These fits gave
#lV97:31:6%; V1:1660:010	106;
#lT98:82:0%; T1:1560:027	106: (15)
We showed the fits as solid lines to compare the results
of Eqs. (9) and (11) with the experimental data both
above and below f=2  75 Hz. Notice that above
f=2  75 Hz the vector data is described very well by
Eq. (9) while below f=2  75 Hz the vector data’s be-
havior (shown by the dashed curve) is very different fromTABLE III. Fit results for Figs
Vector and tens
State PiV
2=3; 0 0:530 0:022
1=3;1 0:252 0:015
1;1 0:731 0:029
1;1 0:741 0:030
All states (N  2  30)
State PiT
1=3;1 0:50 0:06
1;1 0:43 0:08
1;1 0:61 0:08
All states (N  2  22)
06100Eq. (9). However, the tensor data seem consistent with
Eq. (11) for all frequency ranges.
A possible explanation for this behavior involves the
beam’s spin-resonance frequency spread due to its momen-
tum spread. When the frequency range is smaller than the
resonance frequency spread, only those particles, with
resonance frequencies within the frequency range, are
spin flipped according to the Froissart-Stora formula, while
the rest of the beam’s polarization remains unchanged. The
beam’s total polarization is the average polarization of the
flipped and nonflipped parts. Below f=2  75 Hz, the
vector and tensor polarizations of the flipped part are about
PiV and PiT , respectively. Combining these with the PiV
and PiT of the nonflipped part implies that the vector
polarization should return from PiV to its initial value
as f becomes smaller, while the tensor polarization
should stay near PiT . This is observed in Figs. 6 and 7.
Thus, the polarized deuteron behaves like a mixture of two
polarized spin-1 fluids each obeying Eq. (4), one spin
flipped and one unflipped, with the spin-flipped fraction
decreasing as f decreases.. 6 and 7 for f=2  75 Hz.
or fit results
#V V	106 $2
1:00 0:05 1:16 0:03 5.6
1:20 0:10 1:08 0:04 4.5
0:93 0:05 1:18 0:03 0.8
0:92 0:05 1:19 0:03 5.6
0:973 0:016 1:166 0:010 36.0
#T T	106 $2
1:05 0:05 1:14 0:04 6.1
1:03 0:07 1:19 0:06 1.0
0:94 0:04 1:16 0:04 4.1
0:988 0:020 1:156 0:027 22.7
1-6
FIG. 7. (Color) The measured vector and tensor deuteron polar-
ization ratios at 1850 MeV=c are plotted against the rf dipole’s
frequency half-range f=2. The PiV and PiT were obtained from
fits to the data as shown in Table III. The rf dipole’s ramp time
t was 50 s, and its
R
Brmsdl was 0:54 Tmm. The top and
bottom solid curves are fits to the data for all states at and above
f=2  75 Hz using Eqs. (9) and (11), , respectively. The
dashed lines are to guide the eye. The arrows mark a 90 rotation
where PV  0 and PT   12PiT .
FIG. 6. (Color) The measured vector and tensor deuteron polar-
izations at 1850 MeV=c are plotted against the rf dipole’s
frequency half-range f=2. The rf dipole’s ramp time t was
50 s, and its
R
Brmsdl was 0:54 Tmm. The top and bottom solid
curves are fits to the data at and above f=2  75 Hz using
Eqs. (9) and (11), respectively. The dashed lines are to guide the
eye.
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Using Figs. 5 and 7, we optimized the spin-flip effi-
ciency by setting t at 60 s and f at 150 Hz at our
maximum
R
Brmsdl. Then we more precisely determined
the spin-flip efficiencies by simultaneously measuring,
after n frequency sweeps, the vector and tensor polariza-
tions PnV and PnT . To plot and fit these vector and tensor
polarization data, we defined the measured spin-flip effi-
ciencies #V and #T in terms of the measured PnV and PnT by
taking the nth power of Eqs. (9) and (11):
PnV=P
i
V#Vn; PnT=PiT

3
2
#T212

n
: (16)
We then calculated the ratios of the vector and tensor
polarizations to their initial values; these ratios are plotted
against n in Fig. 8 for the nonzero states. As indicated in
Table IV, we fit these vector and tensor data using Eq. (16)
to obtain06100#V  96:5 0:6%; #T  98:3 1:0%; (17)
for the data in Fig. 8. While these two values are close to
each other, they are slightly outside of their statistical
errors. Thus, in averaging them, we increased the error
on their average by

$2
p
to obtain a spin-flip efficiency
#  97 1%: (18)
We also had a more recent run where we were able to flip
the spin 5 times with rather good precision. There were
some problems in calibrating the effective tensor analyzing
powers, which may be resolved in a later paper. Thus, we
only present the vector results at this time. These more
recent vector data are plotted in Fig. 9. As indicated in1-7
FIG. 9. (Color) The measured vector deuteron polarization ra-
tios at 1850 MeV=c are plotted against the number of frequency
sweeps. The rf dipole’s frequency ramp time t was 60 s; its
frequency half-range f=2 was 75 Hz, and its
R
Brmsdl was
0:60 T mm. The line is a fit using Eq. (16).
FIG. 8. (Color) The measured vector and tensor deuteron polar-
ization ratios at 1850 MeV=c are plotted against the number of
frequency sweeps. The rf dipole’s frequency ramp time t was
60 s; its frequency half-range f=2 was 75 Hz, and its
R
Brmsdl
was 0:54 Tmm. The lines are fits using Eq. (16).
TABLE IV. Fit results for Figs. 8 and 9.
Vector and tensor fit results
State #V $2
All states in Fig. 8 (N  1  7) 0:965 0:006 9.1
All states in Fig. 9 (N  1  5) 0:985 0:003 5.4
State #T $2
All states in Fig. 8 (N  1  5) 0:983 0:010 1.4
V. S. MOROZOV et al. Phys. Rev. ST Accel. Beams 8, 061001 (2005)Table IV, we fit them to Eq. (16) to obtain
#V  98:5 0:3%: (19)
Since the tensor calibration problem might cause some
small second-order changes in #V , we increased the error
from its statistical value of 0.2% to 0.3%.VI. SUMMARY
By adiabatically sweeping an rf dipole’s frequency
through an rf-induced spin resonance, we spin-
manipulated the vector and tensor polarizations of a verti-
cally polarized 1:85 GeV=c spin-1 deuteron beam. We
experimentally demonstrated that a single spin-flip effi-
ciency # and a single resonance strength  can describe
both the vector and tensor polarizations. Their interesting
behavior, first seen at IUCF [15] and now confirmed at06100COSY, can be understood in terms of the quantum me-
chanics of spin-1 rotations, Eq. (4), and the Froissart-Stora
equation, Eq. (5).
By decreasing the frequency sweep range f, we found
that the Froissart-Stora equation became invalid, as ex-
pected, when f was not significantly larger than the
resonance width w. However, the behavior of the vector
and tensor polarizations in this small f region can be
described in terms of a simple model of a mixture of two
polarized spin-1 fluids each obeying Eq. (4); one is spin
flipped and one is unflipped, with the spin-flipped fraction
decreasing as f decreases.
Multiple spin flips were used to determine more pre-
cisely the spin-flip efficiency # of both the vector and
tensor polarizations. By placing the spin-resonance cross-
ing parameters, f and t, at their optimal values, we
reached a measured spin-flip efficiency of 97 1% and
98:5 0:3% for two separate runs with 1:85 GeV=c ver-
tically polarized spin-1 deuterons stored in the COSY ring.
These were significantly higher than the 94:2 0:3% at-
tained at IUCF [15].1-8
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